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The objective of this program is the exploratory development of doubly rotated cuts of quartz possessing
superior Surface Acoustic Wave (SAW) properties for applications involving environmentally hardened
devices. The key properties examined and optimized both theoretically and experimentally are: first, second
and third order Temperature Coefficients of Delay (TCD), piezoelectric coupling factor, power flow angle.
Bulk Acoustic Wave (BAW) inverse velocity surfaces, degeneracies and leaky waves, and sensitivities of the
above quantities to misorientations and manufacturing tolerances.-,,
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*he program consists of two major task areas comprising an interactive numerical/experimental
approach. Task I involves the numerical computation of the key SAW properties for doubly rotated quartz
substrates for the purpose of locating promising angular ranges with properties superior to the singly-, rotated cuts now in existence. More detailed calculations follow to refine the angular coordinates in order to
specify cuts for experimental verification in Task I1. In Task II, sets of substrates with promising orientations
identified in Task I were prepared and SAW device patterns were fabricated for evaluation of the key SAW
properties. The experimental results of this task were correlated with the theoretical predictions and an
iterative process developed for refinement of both theoretical and experimental parameters. As the program
proceeded, working SAW device models were delivered as a demonstration of progress and an indication ofthe future potential of the doubly rotated cuts, De . eoag pon the progress made and time and budget
limitations, additional properties in the area of nonlinear elasticity will be investigatedThis report contains
the second iteration of the two major tasks mentioned aboveit also contains the discussion on variation of
power flow angle as a function of temperature and methods focompensation of the temperature coefficient
of frequency as the power flow angle changes.

4)

'"I1

UNCLASSIFIED
SECUNITY CLASIPCATION OF THIS PA69(ft" Date Emnaro )



TABLE OF CONTENTS

Section Title Page

I INTRODUCTION................................................................. 1
1. Pro.....................................................................1.

2. Program Scope............................................... 1
3. Technical Approach Summary ................................... 1

I1 TECHNICAL DISCUSSION ............................................. 3
1. Introduction..................................................3
2. Experimental Results .......................................... 3
3. Theoretical Results............................................4
4. Temperature Variation of the SAW Power Flow Angle.................. 19

III CONCLUSION ....................................................... 25

Bibliography ....................................................... 27

S.-Aoession For

D T I C T A :,41

fistriblutio

Dit Avail. and/or
DLt Spoc al



LIST OF ILLUSTRATIONS )
Figure Title Page

1 Frequency-Temperature Dependence for (YX wit) 0.633/26.15/137.0 .................... 5
2 Frequency-Temperature Dependence for (YX wit) -1.05/28.0667/136.534 ................ 6
3 Frequency-Temperature Dependence for (YX wit) 0.633/26.15/136.813 to

(YX wit) 0.633/26.15/137.016 ...................................................... 7
4 Frequency-Temperature Dependence for (YX wit) 5.583/27.8331134.994 to

(YX wit) 5.583/27.833/135.794 ................................................... 8
5 Frequency-Temperature Dependence for (YX wit) 6/26.967/135.812 to

(YX wit) 6/26.967/136.012 ........................................................ 9
6 Frequency-Temperature Dependence for (YX wit) 7.417127.8331134 to

(YX wit) 7.417/27.833/135.2 ...................................................... 10
7 Frequency-Temperature Dependence for (YX wit) 8.033126.96671134.618 to

(YX wit) 8.033/26.9667/136.818 ................................................... 11
8 TCF Contour Map (PHI = 00) ...................................................... 13
9 TCF Contour Map (PHI= 10°) ..................................................... 14
10 TCF Contour Map (PHI = 200) ..................................................... 15

11 TCF Contour Map (PHI = 30) .................................... 16
12 Power Flow Angle Against Temperature for (YX wit) 14.283/39.117/40.6 .............. 20
13 Pictorial Representation of Device Response ....................................... 21
14 Device Response to Short Gated 270.4 MHz Input Pulse ............................. 22
15 Transducer Design .............................................................. 24

J 4

Ii

IA



SECTION I

INTRODUCTION

1. PROGRAM OBJECTIVE

The objective of this program is the exploratory development of doubly rotated cuts of quartz
possessing superior Surface Acoustic Wave (SAW) properties for applications involving environmentally
hardened devices. The key properties examined and optimized both theoretically and experimentally are:
first, second and third order Temperature Coefficients of Frequency (TCF), piezoelectric coupling factor,
power flow angle, Bulk Acoustic Wave (BAW) inverse velocity surfaces, and sensitivities of the above

quantities to misorientations and manufacturing tolerances.

2. PROGRAM SCOPE

The program consists of two major task areas comprising an interactive numerical/experimental

approach. Task I involves the numerical computation of the key SAW properties for doubly rotated quartz

substrates for the purpose of locating angular ranges with properties superior to the singly rotated cuts now
in existence. More detailed calculations followed to refine the angular coordinates in order to specify cuts
for experimental verification in Task II. In Task II, sets of substrates with promising orientations identified in
Task I are prepared and SAW device patterns fabricated for evaluation of the key SAW properties. The

experimental results of this task are correlated with the theoretical predictions, and an iterative process

develops for refinement of both theoretical and experimental parameters. As the program proceeded,
working SAW devices were delivered as a demonstration of progress and an indication of the future

potential of the doubly rotated cuts. Depending upon the progress made and time and budget limitations,
additional properties in the area of nonlinear elasticity will be investigated.

3. TECHNICAL APPROACH SUMMARY

During this period the second iteration theoretical calculations performed to characterize doubly
rotated cuts of quartz were completed. Theoretically temperature stable cuts with zero TCF1'" and TCF123 as

small as -0.93 x 10-1 were located. This represents a four-fold improvement over the ST cut. Experimental
measurements of the TCF's have been performed on some doubly rotated cuts. Zero TCFI" SAW devices for

which the second order temperature term is the dominant term have been fabricated. Measured values of
TCF 2 of these devices as low as -1.0 x 10-' have been obtained. The agreement between the experimental

and the calculated results was excellent.

' J1 - 1



To accurately characterize the properties of doubly rotated quartz, this program has utilized two

basic theoretical approaches for the identification of zero TCF's. Two computer programs available at
Motorola are used. The first program calculates the first, second and third order TCF's of rotated cuts using a

finite difference method.' This technique is simple, well established, and has been used for analytically

determining the temperature coefficient curves for singly and doubly rotated cuts of quartz. To more

accurately determine the first order temperature coefficient of frequency, a second program which
encompasses lattice skewing effects is used. This more complete theoretical approach is based on the work

of Sinha and Tiersten.2 Its utility has been verified. The characterization of the other key parameters is
achieved with standard SAW programs used routinely for material characterization and device
development.

Accurately oriented quartz bars, supplied by Motorola Carlisle, are cut and oriented at Motorola and

polished at Crystal Technology. During this program, many substrates are fabricated from a single bar with
incremental angular deviations about selected angular positions. The angular orientation of the doubly

rotated substrates is defined to an accuiracy of within ±5 minutes using X-ray diffractometry and precision

wafer saw's with doubly rotating mounts.

A complete SAW test area and optical laboratory form the basis for the experimental evaluation of the

key SAW parameters of the doubly rotated quartz delay lines, oscillators and resonators. The equipment is

set up for rapid display, measurement and recording of propagation directions, TCF's, velocities, beam

steering angles and diffraction. Measurement techniques and device designs which minimize the phase

distortion in the feedback loop are emphasized to obtain accurate measurements. These include the use of
the wide operative output transducer to allow for the power flow angle variation versus temperature and the

use of semirigid cables to reduce stray capacitance variation due to vibration.

The excellent agreement between the experimental and theoretical results, and the success with

which low TCF cuts have been located, confirmed the utility and accuracy of the techniques used in the
program. The second experimental iteration promises to yield devices with even greater temperature
stability than those already obtained.

''Numerical Computation of Acoustic Surface Waves in Layered Piezoelectric Media-Computer Program
Descriptions", William Jones, William Smith, Donald Perry, Final Report F19628-70-C-0027, prepared for Air
Force Cambridge Research Laboratories by Hughes Aircraft Company.

"'On The Temperature Dependence of the Velocity of Surface Waves in Quartz", B.K. Sinha and H.F. Tiersten,
Proceedings of the 32nd Annual Symposium of Frequency Control, 1978, pp. 150-153.
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SECTION II

TECHNICAL DISCUSSION

I. INTRODUCTION

The search for a temperature stable cut of quartz for application to SAW devices has lead to the
investigation of the doubly rotated cuts. Theoretical studies have indicated that doubly rotated cuts of
quartz promise much better temperature stability than the commonly used ST cut. The first iteration of this
program, which encompassed the Task I calculations of the doubly rotated cuts of quartz, and the Task II
experimental work, have been successfully completed. The second iteration calculations and analysis have
also been completed. The second iteration of Task II work is in progress.

In Task I, theoretical analyses have been performed and angular rotations promising very low TCF"' )

and TCF 2) have been plotted. Important SAW device design parameters, such as coupling coefficient,
velocity and power flow angle, have also been computed to characterize each area. As part of Task II,
experimental results establishing the degree of correlation with theory have been obtained.

Theoretical calculations have been in good agreement with experimental results. Doubly rotated cuts
of quartz with an improvement of TCF12) by at least a factor of two over the ST cut have been obtained. A
further improvement is expected after a second iteration has been completed and promising areas
experimentally examined.

Paragraph 2 presents experimental determination of propagation characteristics which illustrate an
excellent agreement between theoretical calculation and experimental results. It also contains the results of
the doubly rotated cut TCF measurements made to date. In Paragraph 3 the second iteration theoretical
results are presented. Doubly rotated cuts with superior temperature characteristics to those discovered in

v the first iteration are presented. In Paragraph 4 the temperature variation of the power flow angle and a new
mask design insensitive to this variation are discussed.

2. EXPERIMENTAL RESULTS
In the second interim report, experimental results were presented demonstrating the good agreement

with the theory. In this third interim period, additional experimental work has been performed. The results of
the experimental work performed are summarized in Table 1. The orientations of Table 1 are expressed in the
notation of the IRE 1949 standards' and were obtained by selecting measurements with zero first-order
temperature coefficients of frequency. This was done to ease the comparison between the experimental and
theoretical results because these angles can be accurately calculated theoretically, and because it is a

3"'Standards on Piezoelectric Crystals 1949", Pro. IRE 14, Dec. 1949, pp. 1378-1395.
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necessary condition for low TCF orientation. A more accurate measurement of the second-order

temperature coefficient of frequency usually results when the first-order coefficient is small. As was noted

in the previous interim report, the experimental and calculated results, as can be seen from Table 1, have

maintained their high degree of accuracy.

Figure 1 shows a typical frequency-temperature curve used to generate the data in Table 1. The stars

represent experimental data poiwts. The solid lines are linearly regressed curves used to define the

measured first-, second-, and third-order TCF's for these cuts found in the table. The first order temperature

coefficient is small enough so that only a light mask rotation is required to arrive at an orientation with a

zero TCF1 I. This small rotation is not enough to significantly change the second-order TCF. Experimental

devices with a near zero first-order TCF and a second-order TCF of approximately -1.0 x 10-8 /C°2 have been

measured. These measured second-order TCF's are significantly lower than the lowest previous

measurements of approximately -1.5 x 10-8 with a zero TCFI1 . Figures 2 through 7 are graphs of

experimental frequency temperature characteristics of devices fabricated at optimum orientations.

Changes in the frequency behavior as a function of mask alignment can be seen clearly.

TABLE 1. COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS

ANGLES CALCULATED MEASURED

PHi THET PSI TCFltt TCPlttt TCF2ttt TCF3ttt TCF
1  

TCF
2  

TCF$

0 42.75 Ct -0.07 X 10
-5  

0.06 X 10-
5  

-0.40 X 10-
? 

0.11 X 10-
10  

-0.1 X 10-6 -0.37 X 10-
7  

-0.17 X 10-
10

6.0S 25.9 135.7 -0.01 0.74 -0.15 0.42 0.10 -0.10 0841

6.57 26.01 134.9 -0.24 0.55 -0.15 0.43 0.025 -0.16 0.4T

0.03 21.1? 134.6 -0.18 0.60 -0.15 0.46 0.067 -0.13 0.46

7.41 27.63 134.2 -0.2t 0.54 -0.15 0.4 -0.06 -0.1$ 0.0.

0.00 26.67 135.8 -0.04 0.75 -0.14 0.46 0.15 -0.13 0.20

S.S 27.63 135.2 -0.15 0.65 -0.14 0.49 0.13 -0.13 026

-0.03 26.70 136.6 0.20 .10 -0.11 0.4 0,43 -0.11 0.40

- 0.13 26.1 137.7 0.06 0.80 -0.11 0.53 0.24 -0.00? 02

0.433 26.15 137.0 -0.24 0.57 -0.13 0.47 -0.11 -0.15 0am

-0.07 26.23 130.4 0.01 0.62 -0.12 0.11 0.34 -0.15 0.76

tWAFER OBTAINED COMMERCIALLY. ANGULAR TOLERANCE IS UNKNOWN.

ttCALCULATED USING GINNA AND TIERSTENS PROGRAM.

4ftttCALCULATEO USING FINITE DIFFERENCE APPO"ACN.

3. THEORETICAL RESULTS

The first iteration results, described in paragraph 2 and in previous reports, were utilized in this

period to refine the theoretical results obtained earlier. The close agreement between theory and experiment

demonstrated earlier prompted a more thorough theoretical search for promising temperature-stable

doubly rotated orientations. An attempt to determine optimum orientations was felt justified in light of the
accuracy of the calculated results. Second-order TCF's are predicted by the finite difference method to

within 0.005 ppm/C ' . First-order TCF's are predicted to within 3 ppm/C 0 by the Sinha and Tiersten

perturbation method.

4
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Figure 1. Frequency-Temperature Dependence for (YX wit) 0.633/26.15/137.0

A more thorough search in and near previously discovered near-optimum orientations did not yield

any new results. Other areas previously considered as not quite optimum, on closer examination, were

found to have a greater predicted temperature stability than any other orientations yet measured. A second-
order TCF of -0.93 x 10-/C 02 with a zero first-order TCF is predicted for a new family of cuts. The

* significance of this family of temperature-stable cuts will become evident only after devices are built and

experimental results are compared, as the difference in TCF"2"'s is about 10 percent. The addition of this
; family of cuts to our investigation is also significant as it opens up the possibility of selecting cuts not only

for improved temperature stability but for improved stress compensation.

* Table 2 contains a list of crystal orientations with zero first-order TCF's and low second-order TCF's.

Two new families of cuts, centered about (YX wit) 150/300/380 and (YX wit) 12.50/35011300 are included in
Table 2. Second-order TCF( 2)'s of -1.0 x 10-8 and -0.93 x 10-1 are predicted for the two families. Each of the

families extends over a surface with a PHI variation of 200 and 150 respectively, and a THETA variation of
about 50 and 100 respectively, the PSI angle for obtaining a zero TCF 21 being fixed for each PHI and THETA.
Figures 8 through 11 show these areas in detail. Both the zero TCF)' curves calculated by Sinha and
Tiersten's perturbation approach and the finite difference method are shown. Overlapping second-order TCF

contours are also plotted.
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TABLE 2. PROPAGATION CHARACTERISTICS OF CRYSTAL ORIENTATIONS
ANGLES OF ZTCF(

11)
DEGREES TCF( 2)j C2 (X10$) TCF( 3)/°C3 (XIO- 10)

(s AND Ts PROGRAM) FINITE DIFFERENCE FINITE DIFFERENCE
PROGRAM PROGRAM

PHI THETA PSI

6 26 136.31 -1.4

6 27 135.93 -1.3 0.67

6 28 135.59 -1.3 0.57

7 26 135.99 -1.5

7 27 135.64 -1.4

7 26 135.27 -1.3 0.65

5 26 135.74 -1.4 0.65

* 27 135.36 -1.4

8 28 134.97 -1.3
1 26 137.78 -1.2 0.8

1 27 13.4S -1.2 0.65
1 26 137.17 -1.1 0.67
0 26 138.07 -1.2 0.67

0 27 137.78 -1.1 0.64

0 28 137.49 -1.1 0.62
-1 26 138.37 -1.2 0.60

-1 27 138.09 -1.2 0.62

-1 28 137.80 -1.1 0.73
14 39 40.195 -1,0 0.64

14 40 40.415 -1.0 0.66
14 41 40.64 -1.0 0.75
1s 39 39.79 -1.0 0.63

1s 40 40 -1.0 0.74

15 41 40.23 -1.0 0.73

16 39 39.4 -1.0 0.68
16 40 39.605 -1.0 0.6

16 41 39.825 -1.1 0.6

7.5 35.0 41.77 -0.95 O.

10 35 40.62 -0.94 0.58
S12.S 30 36.8 -4.93 0.$7

12.5 32.5 39.4 -0.93 O.5T

1S.0 30.0 36.12 -0.93 0.57

15.0 32o5 38.5 -0.03 0.7
17.5 30.0 37.35 -0.4 0.56
20.0 30.0 36.6 -0.97 OSS

22.6 30.0 35.65 -1.0 0.54

25.0 30.0 35.07 -1.0 0.62

27.5 30.0 34.28 -1.1 0.50

7.5 35.0 132.68 -1.1 0.54

10.0 40.0 129.4 -1.1 0.57
12.5 35.0 130.62 -1.0 0.41

12.5 42.5 127.15 -1.1 O.58

15.0 45.0 124.43 -1.1 0.56

17.5 40.0 126.14 -1.1 0.54

20.0 40.0 1124.92 -1.0 0.44

12
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Table 3 contains some of the propagation characteristics of these selected orientations. The
velocities, coupling coefficients, and power flow angles are seen to be quite reasonable. Tables 4 and 5

contain the derivatives of the first-order temperature coefficients of frequency with respect to angular
changes in orientation. These derivatives determine the accuracy with which one must fabricate to ensure a

negligable TCFI'". The nonzero value of aTCF"'/ao allows a compensation for misalignment of the wafer

orientation by a compensation in mask orientation as the values of aTCF'Ia/a'0, aTCFt2)/ao, and aTCF' 21/a*

are small. In the first iteration of Task II, it was demonstrated that devices with these TCFI" angular

derivatives are easily fabricated with low TCF ). These two families of cuts are believed to be entirely

suitable to temperature-stable SAW device fabrication.

*TABLE 3. PROPAGATION CHARACTERISTICS OF SELECTED ORIENTATIONS

4.6 OF zF c t). DeGem VELOCfrv X
2  

POW3R FLOW
"is AN r* . hA (XI10 4 ) A M.E (OEOREM )

g o 136.1 2644 1.12 -0.3

- 6 27 1n. 2233.60 1.12 -0.2

. 26 126.M 20.62 1.12 -0.1

7 26 IN." 22.33 1.12 -0.5

7 27 135.64 2260o70 1.12 .4

7 26 135.27 2266.33 1.12 -0.3

0 26 136.74 310.15 1.12 0.7

0 27 125.36 330611 1.12 4.6

2 26 134.97 3302.32 1.10 -0.5

1 26 137.78 226.00 1.10 ,0.7

1 27 137.48 2267.44 1.10 +0.9

1 26 137.17 32638 1.10 .1.0

26 13.07 24.0 1.12 0.:

o 27 137.70 23.05 1.10 +1.1

0 26 137.43 322.35 1.10 +1.2

-1 26 13.237 266.65 1.10 +1.1

-1 27 135.0 225.01 1.10 -1.3

-1 26 137.0 32M.64 1.06 +1.
14 3 40.16 326.0 0.6 -7.7

14 40 40.41S 230.67 0.66 4.1

14 41 40.64 3315.16 0.4 .4.6

Is 30 326.76 2201.82 OS -7.8

Is 40 40.00 310.14 0.94 -. 3

Is 41 40.22 2219.06 0O .6

16 9 W.4 0 0.66 4.0

16 40 3.636 114.86 O.6 40.4

7.5 36.0 41.77 216.43 1.00 -4.6

10 35.0 40A 264. 1.01 -5.1

12.5 20.0 2m MU43.r 1.01 -4.1

IRA 32.8 *A 2204.4• 1.66 -4.6

I.0 20.0 9.12 A 44. 0.6 -4.6

16.0 2 2.5 9AG M7.82 6.6 -6.

17



TABLE 4. bTCF'"'/a* FOR SELECTED CUTS

Angles of ZTCF", Degrees

(S and T'S Program) aTC!"'Itao
PHI THETA PSI

6 26 136.31 +2.7 (PPM/C °)/DEGREE
6 27 135.93 +2.7
6 28 135.59 +2.7
7 26 135.99 +2.7
7 27 135.64 +2.7
7 28 135.27 +2.7
8 26 135.74 +2.7
8 27 135.36 +2.7
8 28 134.97 +2.7
1 26 137.78 +2.8
1 27 137.48 +2.8
1 28 137.17 +2.8
O 26 138.07 +3.0

o 27 137.78 +3.0
0 28 137.49 +3.0

-1 26 138.37 +3.0
-1 27 138.09 +3.0
-1 28 137.08 +3.0
14 39 40.195 -3.5
14 40 40.415 -3.5
14 41 40.64 -3.5
15 39 39.79 -3.5
15 40 40 -35
15 41 40.23 -3.5
16 39 39.4 -3.7
16 40 39.605 -3.7
16 41 39.825 -3.7
7.5 35.0 41.77 -3.3

10.0 35.0 40,82 -3.4
12.5 30.0 38.88 -3.3
12.5 32.5 39.4 -3.2
15.0 30.0 38.12 -3.4
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TABLE 4. aTCFI'/a*v FOR SELECTED CUTS (CONT)

Angles of ZTCF'", Degrees

(S and T'S Program)
PHI THETA PSI

15.0 32.5 38.55 -3.6
17.5 30.0 37.35 -3.4

20.0 30.0 36.6 -3.5

22.5 30.0 35.85 -3.5
25.0 30.0 35.07 -3.3

27.5 30.0 34.28 -3.4
7.5 35.0 132.68 +2.7

10.0 40.0 129.40 +2.8
12.5 35.0 130.62 +2.0
12.5 42.5 127.15 +2.5

15.0 45.0 124.43 +2.6

17.5 40.0 126.14 +2.1

20.0 40.0 124.92 +2.6

TABLE 5. aTCF"1/ao AND aTCF' /)ae FOR SELECTED CUTS

Angles of ZTCFI'", Degrees

(S and T's Program)• a TCF")/a0 aTCF(IIlae
PHI THETA PSI

7 27 135.64 -0.7 (PPM C) /DEGREE -0.5 (PPM/ C)/DEGREE
' 0 27 137.78 -0.8 -0.8

15 40 40.00 +1.5 -0.7
4 15.0 32.5 38.55 -1.2 0.6

12.5 35.0 130.62 0.95 1.1

4. TEMPERATURE VARIATION OF THE SAW POWER FLOW ANGLE

An unexpected rapid fluctuation of the surface acoustic wave power flow angle on doubly rotated cut

quartz saw devices was discovered during the testing of temperature-stable SAW devices. In this paragraph
the phenomenon of a temperature variation in the SAW power flow angle will be discussed.

The power flow angle for a particular direction of propagation is an important parameter. While the

phase fronts always remain parallel to the source transducer, the wave as a whole does not propagate
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perpendicular to the wavefronts. This is a characteristic of anisotropic substrates where the phase velocity

is asymmetric about the propagation direction; i.e.v(* + ) # P(i- A*). The major problem which arises is
that the acoustic beam may steer off the desired propagation track missing the output transducer unless it is

properly designed.

The power per unit width carried in a surface wave is found by integrating the mechanical and electrical

Poynting vectors, to obtain

P, =--Re Tj;Aj dx3 - ill~' oli dx] (i 1, 2)

where ,, is the particle displacement, Tij the stress tensor, o the electric potential and D, the electric
*displacement. P1 and P2 give the power flow perpendicular and parallel to the wavefront, respectively. P3 =0

for the Rayleigh wave which is confined to the surface. The power flow angle may be defined as 0 = arctan

" (P21P,). Power flow angles as high as 200 are not uncommon on quartz.
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Figure 12. Power Flow Angle Against Temperature for (YX wit) 14.283139.117/40.6
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Calculations" 4 of the power flow angle at different temperatures for doubly rotated cuts of quartz
have been performed. The cuts are designated by the 1949 IRE' standard. Figure 12 illustrates the
temperature variation of the power flow angle for the doubly rotated cut of quartz (YX wit)
14-283/39.117/40.6. The important feature of this dependence is the large variation of the power flow angle
over the temperature range shown.

Figure 13 contains a pictorial representation of a device fabricated at (YX wit) 14.3/39.1/40.6. The
input transducer on the left generates an acoustic wave which only partially illuminates the output

* transducer on the right. Figure 14 (a and b) are photographs of the device response with a short gated RF
pulse as the input, showing the response at 1310C and 340C, respectively. The first notch is a result of
missing finger pairs. The anisotropy parameter was calculated to be 0-625 at -500C, 0.614 at 250C and 0-586
at 1500C. The transducer apertures are 34 mils and 24 mils, the length of the device is 260 mils and the
acoustic wavelength is 0.48 mils. The temperature dependent effects of diffraction on the envelope were
found to be negligible. The shortening of the device response is clearly evident from the photographs and is
due to the rapidly decreasing power flow angle successively illuminating more of the output transducer as
the temperature increases. The power flow angles estimated from these photographs are displayed in Figure
8, alongside the theoretical results. Table 6 contains a summary of the power flow angles temperature
dependence for several temperature-stable doubly rotated cuts.

A

250 C
-5O*C

1500C

250C

0

-500C

A. DEVICE GEOMETRY
B. IMPULSE RESPONSE AT 150°C
C. IMPULSE RESONSE AT 250C 4453-13
0. IMPULSE RESPONSE AT -500C

Figure 13. Pictorial Representation of Device Response

4"Higher Order Temperature Coefficients of the Elastic Stiffness and Compliances of Alpha-Quartz",
Bechmann, R., Ballato, A., and Lukaszek, T., IRE Trans., 1962, pp. 1812-1822.
'"Compensation for Diffraction in SAW Filters", Savage, E. B., and Matthaei, G. L., 1979 IEEE Ultrasonics
Symposium, CH1482-9/79/, pp. 527-532.
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TABLE 6. TEMPERATURE DEPENDENCE OF THE POWER FLOW ANGLE ON DOUBLY ROTATED
CUTS AT ORIENTATIONS (YX WLT) PHI/THETA/PSI

Orientation Power Flow Angle

PHI THETA PSI T = 25C T = 150 0C T=-50VC

-1.330 28.100 137.692 +1.2 -0.1 +1.8
-1.050 28.067 136.534 +2.5 +1.0 +3.2
-0.967 26.233 138.449 +1.1 -0.2 +1.8
-0.33 26.700 138.859 +0.5 -0.7 +1.1

0.633 26.150 137.016 +1.4 +0.1 +2.1
5.583 27.833 135.194 +0.3 -0.9 +1.0

- 5.583 27.833 134.940 +0.5 +0.1 +1.1
5.583 27.833 134.994 +0.4 -0.8 +1.1
6.000 26.967 135.812 -0.1 -1.2 +0.5
6.067 25.933 133.099 +1.7 +0.3 +2.4
6.567 26.883 134.925 +0.1 -1.0 +0.7
7.410 27.380 134.2 +0.1 -1.0 +0.8
8.033 26,967 134.618 -0.3 -1.4 -0.3
8.05 25.900 135.71 -0.7 -1.6 -0.1

14.283 39.117 40.627 -6.1 -6.2 -9.0
15.300 40.683 40.031 -8.6 -6.8 -9.6
16.117 41.267 37.309 -7.2 -5.5 -8.1
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When the oscillator frequency is not exactly at the synchronous frequency of the SAW delay line, the

phase response of the delay line becomes temperature dependent. The use of doubly rotated cut SAW

devices clearly requires designs which can accommodate a large variation in the SAW power flow angle.

Consequently, a special mask used for testing was designed.
Figure 15 contains an illustration of the pattern to be used for doubly rotated cuts with a large power

flow angle temperature variation. The large aperture of the output transducer is required to accommodate

rapid variation of the power flow angle.

The center frequency of the device is approximately 260 MHz. The electrode and line spacing are 0.06

mil (double electrodes), so the acoustic wavelength is 0.48 mil. The input transducer has 40 pairs of

electrodes and the output transducer has 11 sections of electrodes with 4.5 pairs in each section. The

spacing of each section is 19.2 mils. The width of the input transducer is 36 mils, and that for the output

transducer is 120 mils. The design allows a maximum of 12 degrees beam steering, which is adequate for

most of the desired cuts in this study. The final mask is a stepped and reduced design having a family of

patterns with relative rotation of a fraction of a degree, so that a family of TCF's with small increments of the

propagation angle 0.40 can be measured.

The input transducer is divided into two sections. Selecting the upper or lower section ensures that

the complete wavefront of the acoustic waves will propagate over the output transducer aperture

throughout the temperature range of interest.

In designing filters and reflective array devices on rotated cuts of quartz, additional care must be
taken to ensure that the temperature dependent power flow angle does not degrade device response. If

improperly designed, device time delay, bandwidth and phase all become temperature dependent when

fabricated on a rotated cut. These observations are especially important for reflective array devices in

which rotated cuts of quartz are often used to achieve temperature compensation in two different

propagation directions. Suitable device design can overcome these problems and result in temperature

compensated delay lines useful for oscillator applications. The moving acoustic beam may be made to

illuminate different parts of the output transducer at different temperatures in such a way as to maintain a

steady phase over the entire temperature range. A design using the temperature dependent PFA is currently

being fabricated in which a compensation signal maintains a relatively constant output phase despite the

temperature dependent delay time. Input beam aperture compression may be used to achieve increasingly

accurate adjustments of the output phase. Materials such as lithium niobate with higher coupling

coefficients may be useful in this respect.
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SECTION III
CONCLUSION

Additional experimental results have shown continued agreement with theoretical calculations.
Doubly rotated devices with second-order temperature coefficients of frequency as small as -1.0 x 10- have
been fabricated and tested. These devices are over three times as stable as the ST cut.

The second iteration of analytical evaluation yielded two new temperature-stable families of cuts,
one with optimum orientation possessing the lowest second-order temperature coefficient of frequency yet
predicted in quartz. For seversi crientations, a TCF12' = -0.93 x 10- is predicted.

The temperature variation of the power flow angle on doubly rotated cuts of quartz and its effect on

device design was discussed. An oscillator design accommodating large temperature-varying power flow
angles was discussed. The utilization of the temperature variation of the power flow angle to achieve
temperature compensation of the oscillator was suggested.
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